We report on an ultracompact fiber optic Mach-Zehnder interferometer (MZI) using a novel concatenated structure, single-mode-fiber (SMF)-hollow optical fiber (HOF)-SMF. An optimized air-hole size in the HOF provided two unique optical paths; the leaky waveguide modes through the central air hole and the radiation channel into the silica cladding, which enabled a compact MZI configuration with enhanced optical performances, such as high visibility, high temperature sensitivity, and wide dynamic range. © In this Letter, we propose and demonstrate a novel fiber optic MZI using a novel hollow optical fiber (HOF) segment spliced between standard SMFs, which provides unique advantages in an ultracompact in-line structure, stable spectral outputs, and high temperature operation, for the first time to the best of our knowledge. The HOF [7] , composed of central air-hole and silica cladding, plays the key role of providing two optical paths, the leaky mode through the central air hole and the diverging radiation channel along the pure silica cladding.
In recent years fiber optic sensors have been proposed to cope with ever-increasing varieties of physical and biochemical measurands. In fiber interferometric sensors, miniaturization has been intensively attempted with promising results based on singlemode fibers (SMFs) [1] . Recently new hybrid fiber optic structures have been introduced, such as an SMF-multimode fiber-SMF structure [2] , a multimode-coreless silica fiber-multimode fiber [3] , and an SMF-hollow capillary-SMF Fabry-Perot interferometer (FPI) [4] .
In contrast to FPIs, fiber optic Mach-Zehnder interferometers (MZIs) have not been fully exploited since the fiber coupler MZI in the late 1980s [5] . A compact MZI has been attempted by a long period grating (LPG) pair on an SMF [6] , yet it has inherent spectral bandwidth limitations imposed by the phase matching conditions, along with restrictions in the high temperature operations.
In this Letter, we propose and demonstrate a novel fiber optic MZI using a novel hollow optical fiber (HOF) segment spliced between standard SMFs, which provides unique advantages in an ultracompact in-line structure, stable spectral outputs, and high temperature operation, for the first time to the best of our knowledge. The HOF [7] , composed of central air-hole and silica cladding, plays the key role of providing two optical paths, the leaky mode through the central air hole and the diverging radiation channel along the pure silica cladding.
The proposed all-fiber in-line MZI is schematically illustrated in Fig. 1 . The device consists of a HOF segment with a diameter of 9 / 125 m (hole/outer clad) and a length of L spliced between SMFs (Corning SMF28). When the input beam from SMF1 arrives at the HOF, a portion of the beam ͑E1͒ is launched into the central air hole and the remnant annular portion ͑E2͒ is incident into the pure silica clad. Accumulating optical path differences along the HOF, E1 and E2 recombine at SMF2, where the interference occurs to modulate the transmission response.
An HOF with a hole diameter of 9 m, deliberately chosen to match the SMF mode field diameter (MFD), was drawn from a partly collapsed synthetic fused silica. Figure 1 (b) shows the photographs of the fabricated device; the lengths of the middle HOF segments were 20, 50, 100, and 200 m. The cross section of HOF is shown in Fig. 1 (c). For the HOF of 100 m in length, we investigated the reflection and transmission spectra as in Fig. 2(a) . The free spectral range (FSR) of transmission was significantly larger with a higher visibility in comparison with the reflection. The reflection was well fit and explained in terms of FPI. For the FSR of the Fabry-Perot (FP) cavity [4] , 2 / ͑2L͒, the cavity length L was estimated to be 98.7 m, which is acceptable within experimental errors. However, the FPI model was not compatible with the transmission that showed 1 order of larger FSR and visibility, which strongly indicates that there exists a transmission interference mechanism other than FPI. To further investigate the transmission interference mechanism, we experimentally examined the relationship between transmittance and the HOF length as in Fig. 2(b) . The longer HOF segment provided the narrower FSR.
In a two-beam interference model, the total intensity is expressed as [1] 
where I 1 and I 2 are the intensities along two optical paths and ͑=2⌬n eff L / ͒ is the phase difference.
The corresponding FSR ͑⌬͒ is given by 2 / ⌬n eff L. For the 100 m length HOF, transmission FSR was about 58 nm at = 1550 nm and ⌬n eff was estimated as 0.414, which strongly indicates that two transmission paths would lie in the silica ͑n ϳ 1.44͒ and the air ͑n ϳ 1͒ as in Fig. 1 . The beam propagation method (BPM) was further used as depicted in Fig. 3 . The LP 01 mode in SMF was launched into the HOF segment of 100 m in length. Two cases were investigated, HOF hole diameter 50 and 9 m. Note that the SMF LP 01 mode had an MFD of 10.4 m comparable to a 9 m hole size of the HOF. BPM analysis showed that in a 50 m hole HOF the incident beam gradually expands and a very small fraction of light reaches the SMF2, which makes it an effective attenuator. In a 9 m hole HOF, however, a strikingly different situation develops. The central portion of the incident beam is guided along the air hole as a leaky mode [8] . All the while the remnant annulus part propagates into the silica exciting cladding modes. Note that the monitoring power oscillates with a period of 3.6 m corresponding to ⌬n = 0.431, which well matched the experimental value. The evanescent wave of the LP 01 mode in the SMF can induce excitation of concentric cladding modes as it propagates along the HOF, which is represented as concentric ring patterns in Figs. 3 and 4 . To visualize the beam propagation, the near-field pattern at HOF was imaged with a 60ϫ microscopic lens and a CCD camera at = 1550 nm for various HOF lengths as in Fig. 4(a) . In the shorter length the light is guided by the central air hole along with concentric cladding modes. Comparative BPM simulation results are summarized in Fig. 4(b) , which shows a good agreement with experimental measurements. Both experimental observations and BPM simulation results confirm the existence of two optical paths along the HOF, which lays the fundamental principle for MZI capability in the proposed device. To have a high interference visibility, it is required to equalize the power of both paths in the MZI, which was achieved by optimizing the fusion splice condition. The insertion loss of about 8 dB is the primary drawback of the proposed device, and the HOF with a ring core is being investigated by the authors to improve the loss.
The optical path length difference of the proposed MZI depends on temperature. The transmission interference pattern monotonically shifted to longer wavelengths with an increased temperature, which is mainly attributed to the variation of its HOF length and refractive index. Power variation of 10 dB at = 1550 nm and the spectral shift in the transmission minima of 16 nm were obtained in the MZI with HOF length ϳ100 m, over a temperature range of 25°C to 330°C. A linear fit to ⌬ / ⌬T showed the slope of 52 pm/°C and a relative temperature sensitivity of 3.38ϫ 10 −5 /°C. Compared with the temperature sensitivity of SMF-LPGs ͑60 pm/°C͒ and SMFfiber Bragg gratings (FBGs) ͑13 pm/°C͒ [9, 10] , the proposed device shows better than or comparable temperature sensitivity at a higher temperature range along with an ultracompact size ͑ϳ100 m͒ that were not achieved in prior arts.
In summary we have demonstrated the all-fiber MZI with an SMF-HOF-SMF structure. The unique microsized air hole in the HOF creates two MZI optical paths, a leaky mode along the air and radiation mode along silica clad, which was confirmed by both theory and experiments. The sensor provides excellent mechanical properties with a high temperature sensing capability of a peak shift of 52 pm/°C and a dynamic range of 10 dB from 25°C to 330°C at 1550 nm. An insertion loss of 8 dB was measured and its improvement is being investigated by the authors further optimizing the HOF structure.
